Purpose -This paper describes an introduction to a simple modelling tool for designers of environmentally sensitive buildings. Design/methodology/approach -The theoretical basis of the program is explained with examples given of typical program output. Findings -The package can be used as an environmental simulator of a building's energy consumption and energy-related carbon dioxide emissions. It is specifically designed to help meet the more stringent requirements of the Building Regulations for Fuel and Power L2 Approved Document, April 2002. Practical implications -The designer can explore building size, shape, fenestration, orientation and fabric thermal properties to minimise a buildings' environmental effect. Aspects of heating, lighting, and natural and mechanical ventilation with heat recovery systems can also be investigated. The spreadsheet is best used to check that buildings will comply with the regulations or used as an early design aid rather than a detailed design simulator of building performance. The program should therefore be of particular interest to architects, building surveyors and building control officers rather than building service engineers. Originality/value -Describes an innovative approach to thermal design.
Introduction
The energy requirements of the Building Regulations have grown from what could be described in a few pages in the early 1970s to a 72-page document in 1995 (DETR, 1995) . The new standards detailed in the Approved Documents L1 (DTLR, 2001a) and L2 (DTLR, 2001b) of the Building Regulations, effective from April 2002, now extend to 132 pages. What was regarded as "good practice" (DETR, 1998) during the last decade has now become standard practice for all new buildings from 2002. As a result, a more complicated procedure is required by architects and building services engineers to demonstrate that their designs meet the new standards. The program described in this paper outlines a simple method of modelling building performance that can be used as an aid to comparing environmental aspects of early design proposals that will meet these new standards of Part L2, -Conservation of Fuel and Power. The software is not designed to replace detailed engineering design; the intention is to provide enough information at the earliest of design stages to inform the design process or as a final check that the services have been designed to meet the Building Regulations ADL2, 2002.
Theoretical basis of the program
The program will work on an Excel spreadsheet version 5 or better. With many software packages, a great deal of input is required before the final output is obtained. This makes them difficult to use as part of the early design process. In order to avoid such problems this software is presented in a format that allows the user to receive useful numerical and graphical output as the input is completed at each design stage. Thus, the program can be completed in stages, meeting the appropriate Building Regulations at key moments in the design process. The program is linked such that changes in one aspect will result in a re-calculation in all other parts of the program. There are, however, some separate sections that can be completed independently from the rest of the program to meet certain aspects of the Building Regulations. For example, there are separate sections for the estimate of the carbon intensities of the heating systems and the solar overheating risk. These sections simply follow the procedure outlined in the Building Regulations ADL2. The designer is able to model a building in bit-size chunks, solving different aspects of building performance at any one time.
The program has five main sections, these are:
(1) The Fabric and Ventilation Heat Loss Rate. The whole-building method section of the program follows the guidance in the Building Regulations and calculates the carbon rating of each aspect in a different way to the rest of the program.
Fabric and ventilation heat loss rate
In section 1 of the program, designers are presented with a table in which they can specify a building's external element type (floor, roof, walls, windows and doors) along with their associated U-values and surface areas. Other building data can also be entered relating to the total building volume, infiltration rate, and mechanical ventilation rate. The software can then automatically calculate the rate of heat loss from the building in terms of the specific heat loss rate (SHLR) in a similar fashion to that performed for a SAP rating of a domestic property (DETR, 2001 ). The SHLR is found from:
where SHLR is the specific heat loss rate in W/K; A is the surface area of each element; measured in accordance with the advice given in Section 0.19 of the Building Regulations (DTLR, 2001b) ; U is the U-value (W/m 2 K) of each element, calculated by Simple modelling tool the transmission heat loss coefficient -Calculation Method, as detailed in BS EN ISO 13789 (BSI, 1999) ; N is the number of air changes per hour (this can take account of both infiltration and mechanical ventilation rates); and V is the total volume of the building (m 3 ). The breakdown of the rate through each element is then calculated and a total provided. This information is displayed as a pie chart. An example of the pie chart is shown in Figure 1 .
Thus, the designer is provided with immediate feedback on an aspect of the building's performance at a very early stage from a minimum amount of information. The rate of heat loss through the windows and that resulting from the ventilation strategy are particularly high in this example. Designers can stop at this point and make important changes to the design before proceeding further. A heat recovery system and a higher specification of window could be considered at this stage, before proceeding with other aspects of the design. This basic principle of instant output at the time of entry is a key characteristic of the program. That is, the designer does not have to wait until all the data of the building and its services are entered into the program before evaluating the options.
Building Regulation compliance, boiler sizing and carbon intensities
The next section of the software compares the rate of heat loss from the proposed design to that of a "Notional Building" of the same size and shape that meets the criteria set out in Tables 1 and 2 of the Building Regulations L2 , 2002 , (DTLR, 2001b . As long as the proposed rate of loss is no more than the rate in the notional building, the building will comply. The procedure is as described in Appendix E of the Regulations (DTLR, 2001b) . The ventilation rate is excluded from the comparison. In addition, the average U-value of the two buildings is also estimated and compared.
With the addition of two further small pieces of information: a margin factor and the water requirements in W/m 2 , an estimate of the boiler size is provided. These values are only an estimate and are not calculated in accordance with CIBSE Guide A Figure 1 . Breakdown of heat loss through each aspect SS 23,1 (CIBSE, 1999 ). An architect should therefore only use the estimate of the boiler size at this early design stage to compare one design with another. This does not replace the need to size the plant in the correct manner. The program tends to underestimate the boiler size when the carbon emissions are compared to those predicted by the Whole-Building Method. A large margin factor of between 1.5 and 1.8 should therefore be selected to allow for energy losses in the distribution system.
The program can then be used to calculate the carbon intensities of the heating plant. The procedure outlined in Design Section 1 of the new Regulations is adopted. The user specifies the fuel type to be used and the spreadsheet displays the minimum boiler efficiency of a single plant that can meet the requirements of Tables 5 and 6 in the Building Regulations (DTLR, 2001b) . If more than one plant is required then the following formula (DTLR, 2001b) is used:
where C I is the carbon intensity of the heating plant (kgC kWh of useful heat); R is the rated output of an individual heating plant (kW); h is the gross thermal efficiency of that plant expressed as a decimal; and C f is the carbon emission factor specified in Table 6 of the Regulations (DTLR, 2001b) . The carbon intensity is estimated for full load and for 30 percent of full load. For the building design to comply, the intensities should be equal to or less than the values specified in Table 5 of the Regulations (DTLR, 2001b) . This section is separate from the rest of the program in that information specified here is not used in other parts of the simulation.
Incidental and solar gains and overheating risk
The incidental internal energy gains to a building will depend on the amount of office equipment, level of artificial lighting, effective use of daylight and the occupancy density. The program estimates the average heat gains over a 24 h period by considering each in turn and summating them. The gains are calculated as follows:
where G E is the office equipment gains in Watts; L E is the installed load of office equipment in W/m 2 (derived from a separate spreadsheet); A TF is the treated floor area in m 2 ; F PD is a power diversification factor expressed as a decimal; and H O is the typical daily occupancy hours.
Lighting
where G L is the lighting gain in Watts; L AL is the installed load for the lighting in W/m 2 ; A ND is the non-daylit floor area in m 2 ; A D is the daylit floor area in m 2 ; H O is the occupancy hours; and % Y is the percentage of the working year that the daylight is adequate. The 0.8 assumes that 80 percent of the electrical energy is dissipated as heat.
The percentage of the work year that the daylight is adequate depends on the design illuminance and how well each occupied space is daylit. The daylight is estimated by taking an average of the calculated average daylight factor of each space Simple modelling tool as defined by Information Paper 1P15 (Littlefair, 1988) . The percentage of the year that a level of daylight is exceeded is found from:
where P is the percentage of the year the external illuminance is exceeded during normal office hours; and E EX is the required external illuminance to ensure the design internal illuminance is achieved. This formula is derived from the graph in Figure 2 . The required external illuminance is estimated from:
where E D is the design internal illuminance; and F AD is the average daylight factor of all the daylight areas.
The estimate for the internal incidental gain from the artificial lighting (G L ) assumes that, when the daylight is adequate in the daylit areas, the artificial lights will be off. Thus, this gives the minimum possible gain from the artificial lighting.
2.3.3 Metabolic rate
where R M is the metabolic rate in Watts; L P is the metabolic load per person; N SO is the standard occupancy number of the building; and H O is the typical daily occupancy hours.. The total incidental energy gain is then, Percentage of the year the external illuminance is exceeded SS 23,1
where G S is the typical solar gain for a particular orientation; S F is the average daily solar flux in W/m 2 of window for a particular orientation; A W is the area of window in m 2 for a particular orientation; and F S is a shading factor for the orientation. The solar flux for each orientation is assumed to be independent of the building location in the UK and is taken from data provide in the SAP 2002 document (DETR, 2001) on average solar gain.
The total internal gain for the building is then simply the incidental gain and the solar gain. This internal gain, which represents an annual average, is used later in the program to estimate the annual energy consumption of the building. It is not used for the estimate of the overheating risk which is based on peak values in July and is taken from the Building Regulations, 2002.
2.3.5 Solar overheating risk. Before dealing with annual energy it is important to estimate whether there will be a risk of overheating and the program calculates this in accordance with Appendix H of the Building Regulations L2, 2002. If the solar load per unit area treated floor area is larger than 25 W/m 2 then there is a risk of overheating and the building will need to be redesigned to meet the Regulations. This section is simply taken from the Building Regulations and is another section that is independent from the rest of the program.
Annual energy consumption
Once the risk of overheating is low enough to meet the Regulations, the designer can proceed to estimate the total energy consumption. The annual space heating demand of a building will depend on the seasonal degree-days for a particular region. The software adopts a variable degree-day approach to annual space heating demand and calculates the degree-days for central England. The user then can modify this for any of the degree-day regions in the UK (Energy Efficiency Office, 1993). However, to meet the Regulations Region 6 should be used. A base temperature for the degree-days for the particular building is estimated from a specified mean internal air temperature and the temperature rise resulting from the calculated gains. The degree-days are then computed from:
where DD is the annual degree-days if the building was in central England, and T B is the base temperature. This formula is derived from Table 10 of the 2001 edition of SAP (DETR, 2001 ), degree-days as a function of base temperature. A further allowance can be made for any intermittent heating mode. The user need only specify a particular degree-days region and the spreadsheet provides a range of output that can be compared to a number of benchmarks.
In addition to the annual space heating requirements, the spreadsheet computes annual values for the water heating, lighting, small power equipment, pumps, fans and cooling load. The programme does not attempt to calculate any of these additional values, but simply provides an opportunity to record their value and considers the impact of these loads on the overall performance of the building. There will still be a need for building services engineers to calculate these loads accurately. These values Simple modelling tool are based on installed load W/m 2 , treated floor area, and typical hours of use. If the values for the installed load are not known at an early design stage, they can be taken from the typical values quoted in DETR (1998) . Throughout the remainder of this paper this document will be referred to as ECON 19. These can then be easily modified at a later point in the design cycle. The typical annual energy consumption and costs are then displayed as in Figure 3 . Predicted annual carbon dioxide emissions are displayed for the building in terms of CO 2 /m 2 of treated floor area, as shown in Figure 4 . These values can be used as useful benchmarks to compare one design against another.
Performance benchmarking
The proposed building design can then be compared to the standard benchmarks from ECON 19 in two ways. First, the "Whole-Building Method of Compliance" is used as described in BRE Digest 457 (BRE, 2001 ). This section uses the power rating of installed heating, heating distribution, lighting, ventilation and cooling predicted by the rest of the program. As long as the total carbon performance rating (CPR) is equal to or less than the values quoted in the Digest 457, the building will comply. The same Figure 5 for a naturally ventilated low energy office building. This building design will comply since the CPR is less than the specified 7.1 kg C/m 2 per annum in Digest 457. The last comparison is a direct evaluation of the predicted annual energy and carbon benchmarks as detailed in ECON 19. The user can specify the Building Types 1, 2 or 3 as defined by ECON 19 and the comparisons are displayed graphically as shown in Figures 6 and 7 .
These graphs are not derived from the whole-building method but from the other sections of the program. Thus for example, the annual heating load is estimated from Simple modelling tool the variable degree-day data and not from the boiler size and running time. In each case the output for the proposed scheme illustrated assumes that the building has excellent control over its services and will therefore predict the best possible performance.
Evaluation of program performance and output
The spreadsheet described here can be used as an environmental simulator of a building's energy consumption and energy-related carbon dioxide emissions. It can be used both by the experienced user as an early design tool or by the novice as a self-teaching package or by someone wanting to check that the services design by engineers complies with the Regulations. Spreadsheets used in this way are fast, interactive and most importantly, transparent to the user. Those concerned with environmental issues can explore and learn much more by experimentation with this software than could perhaps be achieved by more conventional means. The software is user-friendly, simple to use, and, with a little experience, can produce sensible solutions to environmental problems. It is specifically designed to help meet the more stringent requirements of Part L2 Building Regulations effective from April 2002. The designer can explore building size, shape, fenestration, orientation and fabric thermal properties to minimise a building's environmental effect. Natural and mechanical ventilation with heat recovery, heating and lighting systems can be investigated: with the final performance of the whole-building compared to the ECON 19 standards for Office Types 1, 2 and 3. The ECON 19 Type 4 building is not considered as an environmentally friendly option. The program is best used at an early design stage to provide useful output to check against Building Regulation requirements or as a final check that more detailed designs will comply. Although the program can be used to accurately compare one building design with another and to show Regulation compliance, great care needs to be taken with some key aspects of the input data. In common with all computer programs, the output is only as good as the input information. For example, a reasonably good design that does not meet the Regulations could be shown to perform much better than the ECON "Good Practice" standard, simple by inputting a low mean internal air temperature. This would result in a smaller boiler size than that required for comfortable conditions. This is also true for the Whole-Building Method of Compliance. A useful check here is to note the carbon performance rating for the boiler (CPR b ) predicted by the whole-building method. A naturally ventilated building for example, that would just comply with the Element Method of the Building Regulations, will have an undersized boiler if the predicted CPR b is well below the good practice ECON 19 estimate of 4.1 kg/Carbon/m 2 of treated floor area. There will also be differences in the annual carbon emissions predicted by the program. The CPR b shown in Figure 5 is calculated from the boiler size and typical annual equivalent hours of full-load operation. This value will alter with the size of the boiler, but the running time is assumed to be constant in all cases. The value of the carbon emission shown in Figure 7 is generated by the annual variable degree-day method. In this method the carbon emissions will not only vary with the boiler size, but the boiler running time will also vary in accordance to the variable degree-days. The variation in the predicted values of the carbon emissions for the different sections of the software, is shown in Figure 8 . Thus the variable degree-day method tends to underestimate the annual carbon for a very low energy design and overestimates it for the poor energy performer, compared to that predicted by the whole-building method.
Another limitation of the program is that it assumes that, in the daylight areas, the artificial lighting is always off when there is adequate daylight. In effect, a daylight zone is defined as one that has good daylight available and excellent control of the artificial lighting. Many buildings will fall short of this ideal case. However, if the user enters zero for the daylit floor area, the artificial lighting is assumed to be on for the whole of the working day. Thus, the program can predict a range of annual energy values from the best to worst case. It is interesting to note that in the whole-building method in BRE Digest 457, the typical annual equivalent hours of full-load operation (Hl) is set at 2,000 h/annum for a naturally ventilated building. This is lower than the ECON 19 value of 2,500 for the naturally ventilated cellular type 1 building. The choice of 2,000 h is therefore likely to underestimate the actual lighting consumption in naturally ventilated buildings.
The incidental and solar gains sections can also be used to estimate the best and worst-case scenarios. If the utilisation factor is set at 1, then it is assumed that the building can utilise all of the gains in a useful way, and that the building will not Simple modelling tool overheat as a result of the gains. Again, many buildings will fall short of this ideal situation. A designer can adjust the gains down to as low as zero to demonstrate the maximum annual energy consumption for a building that does utilise the potential gains. A heating system driven by external temperatures with little or no internal thermostatic control will behave in this manner. The software is best used at an early design stage enabling designers to make informed judgements about their designs. This does not replace the need for a more detailed analysis and design of the environmental services at a later stage. Thus it is intended to be more useful to an architect or building surveyor than a building services engineer. The designer can not only use the program at the early design stages, but also re-input services data supplied by the engineer to check against standard benchmarks. It can also be used by building control officers to check Building Regulation compliance. The theoretical basis of a simple spreadsheet that can be used to predict and compare the energy and CO 2 performance of non-domestic buildings is discussed.
Conclusions
. The program can be used to explore building size, shape, fenestration, orientation and fabric thermal properties to minimise a building's environmental affect.
. The software can be used to evaluate choices for heating, ventilation and lighting systems. The paper has discussed the use of a simple spreadsheet to analyse and evaluate the energy and carbon performance of buildings designed to meet the UK Building Regulations regarding fuel and power which take effect in April 2002. The program can be completed in stages at key moments in the design process, considering rates of heat loss, useful heat gain, plant size, over heating risk, annual energy consumption and carbon emissions and compares these to standards set by the ECON 19 guide for energy consumption of offices. It is suggested that the program will be of value to both the novice and expert alike, although care is needed with the selection of a small number of the inputs. The input can be manipulated to give a range of outputs from minimum to maximum targets for annual consumption. It is best used at an early design stage or as a final check and does not replace the need for more detailed analysis of the building services installed in the building.
